Long noncoding RNAs (lncRNAs) are fundamental genomic regulatory factors under various physiological and pathological conditions. A class of lncRNAs termed architectural RNAs (arcRNAs) plays an essential scaffolding role in building nuclear bodies. NEAT1 arcRNA is an abundant, nuclear-retained lncRNA that constructs paraspeckle nuclear bodies. NEAT1 is upregulated in various developmental and disease conditions including cancer and virus infection. However, it remains unclear how elevated expression of NEAT1 influences such conditions. Here, we set up an experimental method to selectively increase NEAT1 expression.
Introduction
Mammalian genomes are pervasively transcribed and produce tens of thousands of long noncoding RNAs (lncRNAs), which lack protein-coding potential and are greater than 200 nucleotides in length [1] . Functional and mechanistic studies over the last decade have shown that lncRNAs are fundamental regulators for various cellular processes such as gene expression and three-dimensional (3D) nuclear organization, and play regulatory roles under physiological and pathological conditions [2, 3] . LncRNAs themselves can be typically functional molecules by forming complexes with RNA-binding proteins and/or other RNAs. Mechanistically, lncRNAs can act as guides, scaffolds, decoys, or enhancers [3, 4] . Some nuclear lncRNAs affect expression of nearby genes in cis and some can regulate distal chromosomal loci in trans [3] . As the nuclear lncRNAs carry positional information in the nucleus, they can perform these functions by transcription from their endogenous chromosomal loci [3, 5] . Thus, to understand the functions and molecular mechanisms, it would be important to investigate the lncRNAs expressed from original loci.
A class of nuclear lncRNAs called architectural RNAs (arcRNAs) plays an architectural role in construction of membraneless subnuclear bodies [6] . NEAT1 is the arcRNA that constructs paraspeckles, nuclear bodies found in close proximity to nuclear speckles [7] [8] [9] [10] [11] [12] .
The NEAT1 gene generates two isoforms of NEAT1 transcripts, NEAT1_1 (~3.7 kb in human) and NEAT1_2 (~22.7 kb in human), by alternative 3' end processing [13] . NEAT1_2 is essential for paraspeckle formation, while NEAT1_1 is dispensable [13] . The paraspeckle is composed of more than 60 kinds of paraspeckle proteins (PSPs) as well as NEAT1 lncRNAs [13] [14] [15] . The paraspeckle is co-transcriptionally formed near the transcription site of NEAT1. Interestingly, the paraspeckle possesses a highly ordered structure. An electron microscopic study revealed that NEAT1 5' and 3' regions are located in the shells of paraspeckles, and the NEAT1 middle region is located in the core of paraspeckles [16] . In addition, super-resolution microscopic analyses showed core-shell spheroidal paraspeckle structures [17] . Such a paraspeckle sphere contains about 50 NEAT1_2 molecules [18] . Most recently, we found modular RNA domains in NEAT1 lncRNA. The NEAT1 middle domain is essential for paraspeckle assembly, consistent with the core localization of this region [19] . The core also contains multiple PSPs essential for paraspeckle formation (e.g., FUS) that possess prion-like domains as aggregate-prone protein domains [20] . Additionally, paraspeckles have a dynamic nature in which the PSPs go in and out of the body [21] . These characteristics are consistent with the idea that the paraspeckle is a phase-separated nuclear structure [10, 19] .
Functionally, the paraspeckles act as molecular sponges to sequestrate specific RNAs and proteins to regulate freely available pools of these molecules, leading to changes in gene expression [20, [22] [23] [24] . NEAT1 binds hundreds of active chromatin sites, suggesting a role in gene regulation and chromosome organization [25] . Furthermore, recent studies showed that NEAT1 is involved in development and disease including cancer [26] [27] [28] [29] . Although many physiological functions of NEAT1 have been reported, it remains unclear how NEAT1 upregulation influences cellular events. So far, expression of full-length human NEAT1_2 in cells from plasmids has not been reported. Furthermore, paraspeckles are co-transcriptionally formed, suggesting the importance of the spatial position of the NEAT1 gene within the nucleus for its precise functions. Recent technology using clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas9 called CRISPR activation (CRISPRa) can selectively activate a gene of interest from its original chromosomal locus [30] . One of the technologies is a synergistic activation mediator (SAM), which selectively and robustly activates transcription [31] . This technology was applied to genome-wide activation of protein-coding and noncoding genes to search for their biological roles [31, 32] . This SAM system requires catalytically dead Cas9 (dCas9) protein fused to the VP64 transcriptional activator and single-guide RNA (sgRNA) containing tandem MS2 aptamers to recruit additional transcriptional activator complexes, MS2-P65-HSF1 fusion proteins [31] .
Here, we demonstrated selective activation of NEAT1 transcription by the SAM system. We observed robust transcriptional activation of NEAT1 in several human cell lines. We also confirmed that the effective sgRNAs can induce formation of core-shell paraspeckles. The method established here would be one of the platforms to investigate molecular functions and roles of paraspeckles constructed by NEAT1 lncRNAs in gene expression and 3D genome organization.
Materials and Methods

Cell culture
HAP1 cells (Horizon Discovery) were maintained in IMDM (Gibco) supplemented with 10% FBS (Gibco) and Penicillin-Streptomycin (Nacalai Tesque). U2OS cells were maintained in DMEM (Gibco) containing 10% FBS (Gibco) and Penicillin-Streptomycin (Nacalai Tesque). MG132 (Sigma-Aldrich, 5 M for 6 hours) was used to enhance NEAT1 expression [22] .
Plasmid construction
The plasmids (sgRNA(MS2) cloning backbone [Plasmid #61424], dCAS9-VP64_GFP [Plasmid #61422], and MS2-P65-HSF1_GFP [Plasmid #61423]) were both obtained from Addgene, gifted by, Feng Zhang. sgRNAs targeting NEAT1 promoter regions were designed using the CRISPR design website (http://crispr.mit.edu/), and their scores for faithfulness of on-target activity were calculated using the same website. Sequence data of sgRNA(MS2) library were obtained from a published dataset [32] . The sgRNAs were cloned into sgRNA(MS2) cloning backbone plasmids at the BbsI site according to a previous study [33] .
Plasmid transfection
All plasmids for transfection experiments were purified with QIAGEN Plasmid Midi Kit (QIAGEN).
To introduce plasmids for the SAM system into HAP1 and U2OS cells, 4 g (HAP1) or 2 g (U2OS) of each plasmid (sgRNA(MS2) cloning backbone, dCAS9-VP64_GFP, and MS2-P65-HSF1_GFP) was transfected into HAP1 cells (3 × 10 6 cells) or U2OS cells (1 × 10 6 cells) using Nucleofector Kit V (Lonza) with a Nucleofector device (Lonza) using program "X-005"
or "X-001", respectively, according to the manufacturer's instructions. Transfection efficiency was determined by counting GFP-positive cells with Volocity (PerkinElmer) using auto settings.
Reverse transcription-quantitative PCR (RT-qPCR)
Total RNAs were purified from cells with TRI reagent (Molecular Research Center) as previously described [19] . The total RNAs (1 g) were reverse-transcribed using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) with random hexamer primers. Aliquots of cDNA were amplified by qPCR using LightCycler 480 SYBR Green I Master reagent (Roche)
according to the manufacturer's instructions. 18S rRNA levels were used for normalization.
Primers used in this analysis are listed in Table S1 .
Single molecule FISH (smFISH)
Pre-designed Stellaris FISH probes to the NEAT1 middle region (LGC Biosearch Technologies)
were used. The smFISH was performed according to the manufacturer's instructions as described previously [19] . The images were captured with confocal microscope FV1000 (Olympus). For quantification, the images were analyzed with Volocity. Detection of GFP-positive cells and DAPI signals was performed with Volocity using the auto settings. NEAT1 smFISH signals were detected with an intensity threshold. Using the obtained quantified data, graphing and statistical analysis were performed with Prism 7 (GraphPad Software).
Structured illumination microscopy (SIM)
SIM observation was performed as described [19] . Briefly, digoxigenin (DIG)-labeled NEAT1
probes to the 5' end of NEAT1 (+1 to +1000) and the 3' end of NEAT1_2 (+21743 to +22580) were synthesized using T7 or SP6 RNA polymerase and a DIG RNA labeling kit (Roche) as described [19] . The synthesized probes for NEAT1 5' and 3' ends were used as mixtures to detect shells of paraspeckles. The DIG-labeled probes were detected by anti-DIG monoclonal antibody (Abcam, 21H8, ab420, 1:100 dilution) and anti-mouse secondary antibody conjugated with Cy3 (Millipore, AP124C, 1:100 dilution). GFP-positive cells were visualized by anti-GFP rabbit polyclonal antibody (MBL, 1:100 dilution) and anti-rabbit secondary antibody conjugated with Cy2 (Abcam, ab6940, 1:100 dilution). SIM images were captured using ELYRA PS.1 (ZEISS) with 100× objective lens as described [19] .
Results
CRISPR/Cas9 SAM can specifically induce NEAT1 lncRNA in human cell lines
To selectively activate transcription of the NEAT1 gene, we employed the SAM system, which has been used in many studies including genome-wide screens [31] ( Figure 1A ). For NEAT1 transcriptional activation, we tested 25 sgRNAs including 10 pre-designed sgRNAs from the SAM sgRNA library and 15 originally designed sgRNAs [32] ( Table 1 ). The 10 pre-designed sgRNAs target broadly located positions of the NEAT1 promoter (-700 to +1) ( Figure 1B ). Our 15
original sgRNAs target a more proximal promoter region (-200 to +1), where the highest levels of SAM-mediated activation of multiple genes were achieved in a previous study [31] ( Figure 1B) .
These include sgRNAs with sense and antisense directions to the promoter ( Figure 1B ). We first examined the SAM system in HAP1 cells and evaluated the effect on NEAT1 expression by monitoring the expression levels at the 5' terminal region, where NEAT1_1 and NEAT1_2 overlap, and the NEAT1_2 specific region using RT-qPCR ( Figure 1C ). Although some sgRNAs such as Lib#10, #11, #12, #14, and #15 did not markedly change NEAT1 expression, multiple sgRNAs induced NEAT1 expression ( Figure 1C ). In particular, sgRNA(MS2)_#5 exhibited the strongest NEAT1 upregulation (~4-fold) ( Figure 1C ). Additionally, multiple sgRNAs including sgRNA(MS2)_Lib#5, sgRNA(MS2)_Lib#6, sgRNA(MS2)_Lib#8, sgRNA(MS2)_#7, and sgRNA(MS2)_#8 showed more than 2-fold induction in both NEAT1 5' terminus and NEAT1_2 specific regions ( Figure 1C ). As a comparison, we used MG132 treatment, which transcriptionally activates NEAT1, leading to ~2-fold NEAT1_2 induction under the sgRNA(MS2) empty plasmid transfection condition ( Figure 1C ) [22] . In addition, several sgRNAs (sgRNA(MS2)_#5, #7, and #8) that strongly activated NEAT1 expression targeted a specific region (-113 to -150) of the NEAT1 promoter with no preference for sense or antisense directions as observed in the SAM-mediated induction of other genes ( Figure 1B and 1C ) [31] . Transfection efficiency of the SAM system was ~40% in HAP1 cells, suggesting that actual NEAT1 expression is more strongly activated in the transfected cells (ca. 5-10-fold) than in the cell population as a whole. The ratio of the expression levels of NEAT1 (both NEAT1_1 and NEAT1_2) to NEAT1_2 was similar with or without induction by the SAM system, indicating that the transcriptional activation of NEAT1 does not affect the ratio of production of the two NEAT1 isoforms ( Figure S1 ).
In addition to HAP1 cells, we examined NEAT1 transcriptional activation by the SAM system in human bone osteosarcoma U2OS cells, where NEAT1_2 is lowly expressed and paraspeckles are almost undetectable [18] . We examined the two sgRNAs (sgRNA(MS2)_#5
and sgRNA(MS2)_#7) that strongly activated NEAT1 expression in HAP1 cells. These sgRNAs induced NEAT1 expression in U2OS cells up to ~3-fold compared with the empty vector-transfected cells ( Figure 4A ). The transfection efficiency was ~50%, suggesting that actual NEAT1 expression is more strongly activated in the transfected cells (ca. 5-6-fold). This suggests that these sgRNAs potently activate NEAT1 expression in two independent human cell lines.
We also examined expression of MALAT1 lncRNA in the NEAT1-induced cells.
MALAT1 is another abundant nuclear-retained lncRNA and transcribed from the NEAT1-neighboring gene locus. Previous studies indicated that MALAT1 knockout has an influence on NEAT1 expression levels, suggesting a relationship between the expression of these two lncRNA genes [34, 35] . Overall, MALAT1 lncRNA levels were not strongly changed upon introduction of any sgRNA into HAP1 or U2OS cells ( Figure S1A and S1B). However, several sgRNAs such as sgRNA(MS2)_#5 and sgRNA(MS2)_#7 slightly induced MALAT1 expression in both HAP1 (1.65-and 1.42-fold induction in #5 and #7, respectively) and U2OS
(1.33-and 1.65-fold induction in #5 and #7, respectively) cells ( Figure S1A and S1B), suggesting that NEAT1 induction might lead to MALAT1 upregulation. Additionally, MALAT1 was induced by MG132 treatment (1.85-fold induction) like NEAT1 ( Figure S1A and S1B). GAPDH mRNA levels did not change upon introduction of any sgRNA into HAP1 cells ( Figure S1A and S1B).
SAM system-mediated NEAT1 upregulation facilitates paraspeckle formation
We next examined whether the NEAT1_2 upregulation leads to paraspeckle formation. We used sgRNAs that effectively activated NEAT1_2 expression levels to more than 2-fold in HAP1 cells ( Figure 1C ) and monitored paraspeckle formation by smFISH ( Figure 2A ). The HAP1 cells transfected with the plasmids were identified by GFP signals. We readily recognized the enhanced NEAT1_2 smFISH signals in the transfected cells, and quantified size and sum intensity of the smFISH signals ( Figure 2B and 2C) . The signal intensities were correlated to the NEAT1 expression levels quantified by RT-qPCR in Figure 1C , suggesting that NEAT1 induction by the SAM system leads to enlarged paraspeckles. In particular, sgRNA(MS2)_#5 and #7 strongly induced paraspeckle formation (Figure 2A These data suggest that SAM using sgRNA(MS2)_#5 and #7 can induce paraspeckle formation even in cells where paraspeckles are normally undetectable.
NEAT1 upregulation by the SAM system can induce formation of intact paraspeckles with ordered core-shell structures
Using SIM, we previously observed core-shell spheroidal structures of paraspeckles, with the 5' and 3' regions of NEAT1_2 located in the shells [17] [18] [19] . We next used SIM to examine fine structures of the paraspeckles induced by the SAM system. In sgRNA(MS2) empty vector-transfected HAP1 cells, the 5' and 3' regions of NEAT1_2 were located in the shell of the paraspeckles and the core-shell paraspeckles were usually found as separated spheres, consistent with the results of previous studies ( Figure 2D ) [17, 19] . In the presence of MG132, multiple paraspeckle spheres form and usually adhere to each other [17] [18] [19] . The sgRNA(MS2)_#5 and #7 introductions also resulted in the formation of multiple paraspeckle spheres, which usually adhered to each other ( Figure 2D ). These data suggest that the paraspeckles induced by the SAM system have typical core-shell spheroidal structures.
Discussion
We demonstrated artificial selective activation of NEAT1 from the endogenous NEAT1 chromosomal locus using the SAM system. Here, we identified multiple sgRNAs that robustly induce NEAT1 expression up to ~3-4-fold in two human cell lines by screening 25 sgRNAs targeting the NEAT1 promoter. Our confocal and super-resolution microscopic analyses also validated that the NEAT1 induction facilitates formation of paraspeckles possessing known core-shell structures. The identified sgRNAs (e.g., sgRNA(MS2)_#5 and #7) induced NEAT1 expression and paraspeckle formation regardless of different steady-state NEAT1 levels. As in U2OS cells, NEAT1 is poorly expressed and paraspeckles are almost undetectable in multiple human cell lines [18] . Thus, our selected sgRNAs and SAM system could be used to investigate the effects of NEAT1 overexpression in such cell lines. MG132 can transcriptionally activate NEAT1, but it also causes pleiotropic effects including proteostatic stress to cells [22] . Therefore, this SAM-mediated selective NEAT1 upregulation method enables us to purely investigate the effects of NEAT1 expression from the endogenous locus on cellular functions, leading to greater understanding of the biological roles of NEAT1 lncRNA in various cell lines.
Among multiple sgRNAs that strongly activate NEAT1 expression, several of our designed sgRNAs produced stronger NEAT1 induction than pre-designed ones. By using several validated sgRNAs, it would be possible to obtain more reliable data on NEAT1 functions by excluding the possibilities of off-target effects. Combinational use of active sgRNAs targeting different NEAT1 promoter regions might achieve further enhancement of NEAT1 expression as described previously [36] . Interestingly, two sgRNAs strongly activating NEAT1 expression commonly induced MALAT1 in HAP1 and U2OS cells. Previous reports show that MALAT1 dysfunctions affect NEAT1 expression levels [34, 35] . The recent CHART analysis against NEAT1 revealed that NEAT1 targets the MALAT1 promoter [25] . Interestingly, we showed that both NEAT1 and MALAT1 are induced by MG132 treatment, and SAM-mediated NEAT1 induction by several sgRNAs was accompanied by MALAT1 upregulation, although an exception (sgRNA(MS2)_#8) was observed in HAP1 cells. These results raise the possibility that NEAT1 and MALAT1 expression is co-regulated. Further careful analyses will be required to confirm regulation of MALAT1 expression by NEAT1.
NEAT1 is one of the most abundant, well-studied arcRNAs and thus is an ideal model for arcRNAs that trigger phase separation upon their expression. This SAM-mediated NEAT1 induction method would be useful for various downstream analyses such as RNA-seq, ChIRP (chromatin isolation by RNA purification), and Hi-C. By combining these technologies, we will be able to investigate the molecular mechanisms and roles of NEAT1 in gene expression, 3D genome organization, and nuclear architecture. Furthermore, it might be possible to investigate the relationship between phase separation and 3D genome organization [10, 19, 37] . Thus, this method would contribute to understanding of the molecular mechanism underlying lncRNA-based nuclear architecture. Kruskal-Wallis test with Dunn's multiple comparison test was used. (****: P < 0.0001.)
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